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Abstract
We present a novel method to simulate ﬁbers in ﬂows transporting droplets. We discuss how to model the collisions
of droplets and ﬁbers. Since droplet-ﬁber collision is computationally expensive we use a new stochastic approach
modeling the collision probability of droplets and ﬁbers. From a continuous spatial distribution of the particle masses
we can calculate the impact on a speciﬁc ﬁber at any arbitrary point. This gives an average mass and momentum of
the droplets which is transferred to the ﬁber. We integrate our model in a ﬁber dynamics simulation tool (FIDYST)
used to simulate industrial manufacturing processes.
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1. Introduction
Simulation of industrial production processes is still an open problem in many application areas. In this paper
we show fundamental work for simulation of interaction between droplets and ﬁbers in an air ﬂow. Commonly,
an air ﬂow is used to inﬂuence the ﬁbers’ movements and the pattern how they arrange themselves on the ground.
E. g. in production processes of glass wool some binder has to be injected as droplets. Having a simulation for this
production process provides a way to plan new production machines or to improve existing ones. Simulating diﬀerent
conﬁgurations is less expensive than modifying and testing existing machines.
Up to this point, separate research has been done in each area. First of all, there is our own simulation tool
FIDYST1 (Fiber Dynamics Simulation Tool) from the Fraunhofer ITWM2 for simulation of ﬁbers in an air ﬂow. The
ﬂow simulation is done with ANSYS FLUENT and then used as input for FIDYST. Further, there is an old model
for droplet simulation by O’Rourke [1] and some enhancements to this model (cf. [2, 3, 4]). We use FLUENT for a
combined ﬂow-droplet simulation which employs the original model of O’Rourke.
There is also some basic research of droplet-ﬁber interaction for stationary ﬁbers, e. g. wires. Most papers on this
topic discuss the shape of droplets on ﬁbers or the droplet’s behavior while interacting with the ﬁber (cf. [5, 6, 7, 8, 9]).
But, there is no research on interaction of droplets with multiple moving ﬁbers.
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In this paper, we will provide a new model for simulation of ﬁbers and droplets in an air ﬂow. A simple approach
would simulate each droplet and each ﬁber separately, calculating their collisions geometrically. But, even when
using an accelerating structure like an octree or kd-tree this approach would be computationally expensive. Instead,
we calculate a collision probability based on a spatial particle density distribution. The ﬁbers are still fully simulated
as their visualization is important for improvement of production processes.
In section 2 we introduce existing work related to our algorithm. This mainly includes the models for droplet
collisions and the ﬁber model used in FIDYST. In the following section, the ﬁber model is extended to describe
collisions of droplets with ﬁbers. Section 4 describes the simplest simulation of droplets and ﬁbers where we have
a constant droplet density distribution. Additionally, throughout the paper we assume a constant velocity of the ﬂow
and the particles in the whole domain. In section 5 we lift the restriction on the constant particle density. As a
consequence, it must be possible to evaluate the particle density at each point in space individually. This is ensured
by resampling the particle information on a regular grid. In the sections 6 and 7 we discuss the error of our algorithm
to explicit calculations and the application of this algorithm in FIDYST. Finally, we discuss our method and suggest
areas for further research.
2. State of the Art
2.1. Models
There are some models we need in order to describe our droplets and ﬁbers. Here, we discuss existing models.
The droplet model was suggested by O’Rourke [1] and is commonly used to calculate collisions in spray simulations.
For the simulation of the ﬁbers in the ﬂow a simple line strip model is used. Data such as mass, velocity, radius, etc.
is given at each sampling point of the line.
2.1.1. Droplet Model
O’Rourke’s droplet model dates back to 1981 and tries to be computationally feasible in calculating droplet col-
lisions. This model is still commonly used in spray simulations. In order to get a signiﬁcant simulation of particles,
one would have to inject thousands of particles in each timestep. But, it is too expensive to calculate collisions in such
a model.
Instead, O’Rourke suggested computational particles which were later named parcels. A parcel represents several
particles with similar properties, like position, velocity, density, mass, temperature, etc. These parcels are used in
particle simulation to calculate their collisions and the interaction with the ﬂow. We will shortly discuss the particle
collision model in the following.
O’Rourke’s model restricts particle collisions to parcels in the same comput ational grid cell with the cell volume
V . As an example, we consider two parcels P1 and P2. Imagine P1 to contain the larger particles called collector
drops. Particles in P2 are still called droplets. When a collision occurs the smaller droplets are collected by the bigger
collector drops. Suppose, that the parcels P1 and P2 contain n1 and n2 particles respectively, and the relative velocity
between the two parcels is vrel. For a ﬁxed timestep Δt there is the following average of droplets colliding with a
single collector drop:
n¯ =
n2π (r1 + r2)2 vrelΔt
V
. (1)
Visually, the collision volume, which is the numerator of the fraction above, is a cylinder (see ﬁgure 1).
2.1.2. Line Strip Fiber Model
This model describes a ﬁber as a set of points forming a line strip. By this approach the ﬁber is discretized with
a ﬁne resolution. Each of the points holds information about the radius rF , its discretization length l, its density F ,
the velocity vF including the direction, and several other properties. According to internal and external forces, the
position and velocity are updated in every timestep of the simulation (see ﬁgure 2). This is described by the governing
system of partial diﬀerential equations used in FIDYST:
ω∂tt x(s, t) =∂s (T (s, t)∂sx(s, t)) − S b∂ssssx(s, t) + f gravity(s, t) + f air(s, t) + f contact(s, t) (2)
‖∂sx(s, t)‖ =1 ∀t ≥ 0. (3)
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Figure 1: Collision probability of
two droplets described by their col-
lision volume Vcoll. The larger col-
lector drop p1 captures the droplet
p2.
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Figure 2: Line strip model for ﬁbers and external
forces inﬂuencing the ﬁber.
The function parameters s and t are the ﬁber parametrization and the time respectively. On the right hand side of
the ﬁrst equation (2), the ﬁrst two terms describe internal forces due to the tractive force T and the bending stiﬀness
S b. The last three terms represent the external forces like gravity and air drag. The second equation (3) requires the
inextensibility of the ﬁber. The impact of droplets on the ﬁber will be represented in the contact forces f contact. While
the internal forces are discretized with higher order ﬁnite diﬀerences the contact models consider the ﬁber as a line
strip. Further information on the equations can be found in [10], [11], and [12].
As this model does not include information for collisions with particles it is extended in the following.
3. Stochastic Droplet-Fiber Collision Model
Similarly as in the droplet model by O’Rourke, we model the collision volume of a droplet and a ﬁber – more
precisely of a droplet and a linear segment of our ﬁber model.
3.1. Collision Volume
Fiber and droplet can only collide when they are close enough and their relative movement intersects within the
time interval Δt. This results in a rectangle with side lengths ‖l‖ and 2 ·
(
rF + rp
)
as a basis for the box (see ﬁgure 3).
Intuitively, this rectangle will be orthogonal to the plane spanned by the ﬁber discretization l and the relative
velocity vrel between the droplet and the ﬁber. Hence, the normal of the rectangle is denoted by n:
n =
(l × vrel) × l
‖ (l × vrel) × l‖ . (4)
The height of the box is the path vrel · Δt projected to n. Thus, the height equals vrelΔt · n.
Putting everything together the formula for the collision volume reads:
Vcoll =
∥∥∥∥∥vrel · (l × vrel) × l‖ (l × vrel) × l‖
∥∥∥∥∥ · Δt · ‖l‖ · 2 · (rF + rp) . (5)
4. Collision Modeling for Constant Droplet Density Distribution
In this simple model we require that the particle density  is constant over the whole domain. The particle density
is deﬁned as the sum over all particles in an area times their masses m(rp). This restriction on constant particle density
will help evaluating the new formula with a simple example.
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Figure 3: Collision volume of a ﬁber and a
droplet.
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Figure 4: Gaussian used for MLS with
nparticles = 1000, and rp = 10−5m.
4.1. Collision Probability
First, we deﬁne the collision probability:
Pc(r) =
∥∥∥∥∥vrel · (l × vrel) × l‖ (l × vrel) × l‖
∥∥∥∥∥ · Δt · ‖l‖ · 2 · (rF + r) · m(r) (6)
with m(r) being the mass of a particle with radius r (there is a direct correlation between the mass and the radius by
the formula m(r) = p 43πr
3
p as the density of a particle is assumed to be constant). The ﬁrst part of the equation is
the collision volume Vcoll as described by equation (5). The second term

m(r) describes the number of particles per
volume.
In this case, r is a variable which can be any possible particle radius. The distribution of diﬀerent radii is given by
a probability density function Pr(r) satisfying
∫
Pr(r)dr = 1.
4.2. Calculation of Mass and Momentum
Since we are interested in the impact of particles on ﬁbers, we need to calculate their momentum which will be
transferred during a collision. As for the momentum I holds that
I = mcoll · v (7)
and we required the velocity v of the particle to be ﬁxed, only the transferred mass has to be calculated in this case.
Given the collision probability Pc(r) and the radius distribution Pr(r), we ﬁnd the following to hold:
mcoll =
∫
Pc(r) · Pr(r) · m(r) dr. (8)
In all cases, integration will be over the whole range of r which basically means integration from −∞ to +∞. Inserting
the collision probability of equation (6) into equation (8) we get the following result:
mcoll =
∫
‖vrel · n‖Δt‖l‖2 (rF + r) · m(r) · Pr(r) · m(r)dr
= ‖vrel · n‖ · Δt · ‖l‖ · 2 ·  ·
∫
Pr(r) · (rF + r) dr
= ‖vrel · n‖ · Δt · ‖l‖ · 2 ·  ·
(
rF
∫
Pr(r)dr +
∫
Pr(r) · rdr
)
= ‖vrel · n‖ · Δt · ‖l‖ · 2 ·  · (rF + μ) . (9)
where μ denotes the expected value for r.
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In our case, we only have a discrete represention of particles and hence there is only a discrete radius distribution.
Therefore, the expected value is described by
μ =
1
n
∑
i
niri (10)
with n the total number of particels and ni the number of particles with the same radius ri.
5. Collision Modeling with Varying Droplet Density
Getting a step closer to real simulation, we allow for a varying particle density. This may be inﬂuenced either by
droplets with diﬀerent radii or by an inhomogeneous spatial distribution of the droplets. To be compatible with the
current implementation of the ﬁber simulation in FIDYST the particle density information and the expected value for
the radius should be available on a regular grid. Thus, this information has to be extracted from the particle simulation
for every grid point.
5.1. Density Grid Generation from Parcels
In the particle simulation droplets are injected as parcels in several particle streams. Each stream has its own
injection position, but they are far away from each other compared to the particle’s radius. Therefore we need to
calculate each parcel’s inﬂuence to each grid point. The simple approach where a parcel inﬂuences only one grid
point leads to aliasing artifacts. Hence, we look for a solution where the parcels inﬂuence more grid points such that
the result is smoother.
In this paper we use a moving least squares (MLS) approach in which each parcel scatters its inﬂuence according
to a bell curve. Additionally, the parcel’s movement is also taken into account.
Unfortunately, O’Rourke’s droplet model does not describe the spacial extent of the parcel. Thus, we need to
deﬁne reasonable properties which are used in the MLS. First of all, MLS calculates a value v at a speciﬁc position p
by
v =
∑
i
ω(‖p − pi‖) · f . (11)
f is a function value at point p which in this case are the parameters describing the inﬂuence on the particle density.
The point pi are all grid points, and ω(·) is a weighting function dependent on the distance between the points p and
pi. Here, we use a truncated gaussian (see ﬁgure 4):
ω(d) = exp
(
−αd
2
r2
)
− exp(−α). (12)
α and r are the parameters which have to be chosen for our purposes. r is the maximum radius where ω(r) = 0.
Outside this radius we set ω(·) to zero.
5.1.1. Determination of the Minimum and Maximum Range of Inﬂuence
Assuming a very sparse distribution of particles inside a parcel we choose the maximum radius to be
rmax = rp · nparticles. (13)
There has also to be a minimum radius where all particles are optimally packed inside a spherical representation of
the parcel. According to the circle packing problem in 2D the volume fraction of equally sized small circles to one
big circle is π
2
√
3
. Correspondingly in 3D, this volume fraction equals π√
18
. Throughout this paper we consider only
the two-dimensional case, but with this knowledge all formulas can be generalized for three dimensions.
With this information we can establish an equation for the minimum radius:
nparticles · πr2p =
π
2
√
3
πr2min. (14)
Solving this equation for rmin leads to
rmin =
√
nparticles · r2p ·
2
√
3
π
. (15)
Obviously, the inﬂuence of the parcel cannot be smaller than rmin.
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5.1.2. Identiﬁcation of the Parameter α
Since our parameter r is ﬁxed to be rmax, only the parameter α can determine the inﬂuence of the particle. One
way to do this is to ﬁx the inﬂection point of the bell curve. For this, we calculate the root of the second derivative of
ω(d) and get:
d = ± rmax√
2α
. (16)
Now, we have to set the inﬂection point such that the main inﬂuence is inside the minimum radius rmin. Testing
has shown that locating the inﬂection point directly at rmin does not give satisfactory results. The reason for this could
be that the minimum and maximum radius diﬀer largely in their magnitude. Accounting for this, the inﬂection point
should be between these two values (see ﬁgure 5). This leads the following new equation:
κrmax + (1 − κ)rmin = rmax√
2α
. (17)
Solving this for α gives
α =
r2max
2 · (κrmax + (1 − κ)rmin)2 . (18)
In the examples we used κ = 2.5% as testing showed this to be a good choice.
5.1.3. Minimal Particle Distance
Because the particle is moving we have to take care of this, too. For this, we introduce a distance function based
on the particle’s path and a grid point:
distpg(λ) = ‖(p + λΔtv) − g‖ (19)
with p the particle’s position, g the grid point, v the particles velocity, and therefore Δtv the travelled length in this
timestep. Together with the parameter λ the ﬁrst term describes a straight line.
In a ﬁrst step, we determine the minimal distance satisfying
min
(
distpg(λ)
)
< rmax. (20)
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The λ for this can be obtained by setting the ﬁrst derivative to zero. The formula for the minimial distance in the
two-dimensional case then reads
λmin =
vxΔt (gx − px) + vyΔt
(
gy − py
)
(vxΔt)2 +
(
vyΔt
)2 . (21)
If λmin ≥ r the inﬂuence of this particular particle to the grid point g is zero, and thus we do not need to continue the
calculation.
5.1.4. Finding the Integration Range
In a next step, we calculate the intersections of the distance function with the maximum radius by solving the
equation
distpg(λ)
!
= rmax. (22)
We set λ1 and λ2 to these intersection points with λ1 < λ2 and restrict these to the range [0, 1]. The impact of a particle
with position p to a grid point gi is then calculated by integratian over the path:
ωi =
∫ λ2
λ1
ω
(
distpg(λ)
)
dλ. (23)
5.1.5. Calculating a Parcel’s Inﬂuence
From these ωi we can calculate weights wi for each grid point. E. g. if a parcel has mass m then the mass in the
grid point gi would be wim. Certainly, it must hold that
∑
i wi = 1 as we have to ensure that
∑
i wim = m. This is
guaranteed by setting
wi =
ωi∑
j ω j
(24)
where j sums over all grid points inﬂuenced by the particle i.
Then, the mass of one parcel in a grid point is calculated by
mi = wi · nparticles · mp (25)
with nparticles the number of particles in this particular parcel. We sum this information over all particles. For better
results, we use the particle information from several timesteps. But, only the average mass in one timestep is of
interest. Thus, this value has to be divided by the number of timesteps which is calculated by tmax−tmin
Δt . tmax and tmin
represent the maximum and minimum simulation time, respectivly. Finally, we can calculate the particle density in a
grid point by
 =
∑
i
mi
hx · hy · tmax−tminΔt
(26)
with hx and hy being the discretization step size of our grid in x- and y-direction.
Similarly, we can calculate the average radius μ in each grid point. With this, we can bilinearly – trilinearly in 3D
– interpolate these values for any arbitrary point inside our grid. Then, the interpolated density  and radius μ can be
used with the formulas from section 4 to calculate collisions of droplets with ﬁbers.
6. Evaluation
In this section we compare some simulation results with other approaches. We changed all parameters in our
simulation several times. But, in this paper we only show common properties of all tests by using results which have
the most prominent manifestations of these features. More peculiarities are not found.
All test cases are done in 2D as this is suﬃcient for signiﬁcant comparisons. The simulation takes place in a
rectangular area with x ∈ [−2.5 cm,+2.5 cm] and y ∈ [0 cm, 7 cm] (see ﬁgure 6). The ﬁber is described by a circle with
its center at (0 cm, 3 cm) and a radius r = 1 cm if nothing else is mentioned.
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Figure 7: Injection of particles with constant ﬂow rate but variable number of streams.
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Figure 8: Injecting particles with diﬀerent ﬂow rates controlling the number of particles per parcel. 100 streams and
a grid with 100x100 points are used.
For the geometric calculation of collisions we count the particles hitting the ﬁber per timestep and multiply with
their mass. This provides us with the mass per timestep colliding with the ﬁber. Since we ﬁxed the velocity this is all
the information we need to calculate the momentum transferred from particles to the ﬁber.
At ﬁrst, we do some tests for the ﬁrst model as described in section 4. In the ﬁrst test we ﬁx the total ﬂow rate of
all streams and vary the number of particle streams (see ﬁgure 7). This results in 1-10 particles per parcel. Calculating
the actual particle density and using this value with our formula eq. (9) we get a relative error of 1‰. We can also
see that the density grid’s resolution has an impact on the error, and that the accuracy for the algorithm calculating
collisions geometrically decreases for fewer particles per parcel.
The next test still uses constant density investigating the inﬂuence of the number of particles per parcles on the
result (see ﬁgure 8). As before, the relative error of our formula is still 1‰. Additionally, we ﬁnd that the relative
error of the geometric method is approximately 2.8% in all cases. Between 700 and 800 particles per parcels the mass
of the grid method becomes larger than the correct value for the ﬁrst time. This increases the error for our formula
from this point on.
In the following we take a look at simulations with varying droplet density. This is achieved by randomly changing
the particles radii at injection. The ﬁrst example (see ﬁgure 9) shows only few particles per parcel (6-100) with
200 particle streams to demonstrate the drawbacks of the geometric method. First, there is the staged line for the
geometric method (see ﬁgure 9(a)). While changing the ﬁber radius additional particle streams hit the ﬁber only at
certain intervals. Another disadvantage of the geometric method is that for small ﬁber radii the impact is always
zero. Instead, our approach “extrapolates” for small radii. Looking at the error diagrams we see that the relative error
decreases while the absolute error increases. But, as we know from ﬁgure 8(b) the geometric method has an error on
its own. Accounting for this the error for our approach will be even less.
In addition, we found the resolution of the underlying density grid having an impact on the precision of the
result (see ﬁgure 10). Accounting for the error found in ﬁgure 8(b) we lowered the values for the adjusted geometric
calculation accordingly. The diagrams here show a smoothed version of the relative error demonstrating the trend.
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Figure 9: Simulation of 200 particle streams on a 100x100 grid with only about 6-100 particles per parcel. The
diagrams show the impact of changing the ﬁber radius.
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Figure 10: Comparing smoothed results for diﬀerent grid resolutions. The adjusted geometric approach takes into
account that itself has an error of approximately 2.8%.
The actual error is more jagged and alternates around this curve.
7. Results
The simulation is implemented in our ﬁber simulation tool FIDYST. An example output from a simulation can be
seen in ﬁgure 11.
In this example droplets are simulated using Fluent. They are injected as parcels from the upper right corner using
ﬁve particle streams with a spray angle depicted by the two green lines. The red grid is the grid used for the simulation
and for the interpolation of the particle density. Hence, grid nodes outside the spray cone can have a droplet count
diﬀerent from zero. Fibers are injected from the upper left corner using four streams and no air drag is used. We can
clearly see the change in the ﬁbers’ direction due to the droplets and the increase of the ﬁber mass shown by their
color.
8. Conclusion and Future Work
We introduced a robust algorithm for modeling of droplet-ﬁber collisions. Using a reasonable number of parcels
for the simulation of our droplets our approach provides even better results than a geometric simulation for small
ﬁber radii because of the discrete nature of the geometric approach. Instead, our density grid provides continuous
information about particles by means of interpolation.
There are some limitations of our approach. First, we restricted the ﬂow and the particles to have constant ve-
locity on the whole domain. This restriction has to be lifted because in real production process the air ﬂow includes
turbulences. A further limitation may be that we get only the expected value of the mass and momentum from our
calculation. This means that in every simulation step the collision will occur with the expected mass and momentum
transferred to the ﬁber. This can be enhanced by introducing a probability distribution allowing to vary the collision
probability. The last drawback is that the collision probability is not changed anywhere after a collision occured.
Intuitively, after a droplet hit a ﬁber its path should be discontinued and the droplet should not have an impact on a
ﬁber anymore. It has to be investigated if this is a problem or if it is save to make our simpliﬁed assumption.
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Figure 11: Simulation output from FIDYST (post-processed with ParaView). sigma is the mass per ﬁber segment
length.
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